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Abstract. We report 1S() Long Wavelength Spectrom-
cter (LWS) obser vations of the She(s) pec galaxy
NGC 5713. Wehave obtained strong detections of the fine-
structure forbidden transitions [C 11] 158 pm, {O 1] 63 p1m,
and[O1m1]88 pm) and significant upperlimits for [N 11]
122 pm, [O 1) 52 g, and [N 1] 57 g, We aso detect
the galaxy’s dust continuum emission between 43 and 197
microns. The 80” half-power beam diameter of the LWS
instrument corresponds to roughly 11 kpc atthe distance
of NGC 5713, and should therefore collect the total emis-
sion from the galaxy.

The measurements of the continuum and the [C 11] and
[0 1] linc fluxes have been combined Lo derive the temper-
ature and density of the warm atomic gas surrounding
molecular clouds and the UVflux incident on the clouds,
W ¢ find higher densities and lower UV fluxes in NGC 5713
than arc typical for starburst galaxies.
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1. Introduction

Wc report the first spectroscopic observations from the
infrared Space Obscrvatory (ISO;Kessleret al. 1996) un-
der the US Guaranteed Thime project on theinterstellar
mediuin of star-forining, galaxies (Helouct a. 1996). We
used the 1S0 LWS (Clegg el al. 1996) to mcasure the to-
tal flux in six transitions from NGC 5713, one of approx-
imately sixty galaxies in Lhc project.

NGC 5713 is an Sbe(s) pcc galaxy at a redshift
of 1883 kin s1, implying a distance of 24 Mpc for
Ho= 75 krn S--1 Mpc ' assuined hereafter. It has inultiple
spiral arins which originate near thecenterand maintain
high surface brighitness for about 1/2 revolution out to
30". Beyond this radius, there is only a single smooth and
continuous arimn of low surface brightness, earning this sys-
tem its “pee” morphological label. IRAS observations in-
dicate the FWHM of the 60 g cmission Lo beless than
60" while the optical disk extends to 120" in diameter.
Active star forination is indicated by Il 11 regions situated
on the inner arm fragments.

With its intermediate values of FIR luminosity Lpm =
2x 10101:@), and infrared-to blue luminosity ratio of about
2, this galaxy is relatively active in star forimation,though
not au cxtreme “star-burst” system.Part of a small clus-
ter of predominantly ]atc-type spirals, NGC 5713 may
be interacting with its neighbors, the nearest of which,
NGC 5719, lics at a projected distance of 60 kpc. 1ow-
ever, NGC 5713 possesses a fairly 1ow FIR to molecular
emission ratio, Lrir/L.co < 25, as compared to other in-
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Fig. ]. NGC 5713 LWS atomic fine structute lines

teracting, intermediate luminosity systeins, for which the
ratio is typically 75. The FIR/CO ratio for NGC 5713
is more characteristic of an isolated spiral (‘Tinney CL al.
1990).

2. Observations and Analysis

NGC 5713 was observed during 1S0's Performance Ver-
ification period using the LWS grating line-mode AOT,
IWS02, with the 80" FWHM bearn of the LWS encom-
passing the entirc infrared bright central disk.Bach of
six lines was observed for a tunc between 6 and 100 secc-
onds per spectral element. All lines were unresolved by
the instrument (see Pigure 1), with A/AX -200, and the
detected hnes appeared at the cexpected wavelengths, ad-
justed for the galaxy’s redshift. Flux calibration included
the application of in-orbit detector responsivity values
modeled as a function of time. Post-pipeline processing
was accomplished with the 1S0 Spectroscopy Analysis
Package, ISAP, specifically using the Rutherford Appleton
Laboratory’s Graphic User Interface (RAL GUI) designed
for the purpose. About 90% of the data were determined
to be free of detector gain drifts due to cosinic ray hits,
and were retained in the reduction. Mean and median av-
eraging of the data taken at a given wavelength yielded
virtually identical results.. Line fluxes were determined by
direct integration of the profiles. Upper limits for the threc
non-detections arc the multiplicative product. of 3 times
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the rms of thescans and a wavelength interval equal 10
the detector resolution element.

The 1S0 LWS continuum flux densities deviate sub
stantially from the spectrum expected for NGC 5713 frow
the TRAS data assuming a superposition of blackbody
components (Jable 1). They arc 1.5 to 2 times too high
at short wavelengths. This disagrecinent may be due to
mis-calibration of the 1S0 data, either because of over-
estunated detector responsivities or under-rxtimatcd dark
currents. In the first case the line fluxes would suffer the
same overestimation as the continuum, whereas in the sec-
ond they would bemore accurate than the continuum. In
the absence of conclusive evidence as 10 its cause, this dis-
agreement was used to bound theuncertainty on the LWS
fluxes by considering three possibilitics: (1) all LWS data
arc correct asrcduced; (2) both continuum and line fluxes
from LWS have to be scaled so the continuum agrees with
the 11tAS-based estimmates; and (3) LWSline fluxes arc cor-
rect, but the continuum is given by the IRAS ecstimates.
The three sets of values were carried through the subse-
quent analysis, and yielded the ranges plotted in Fig. 2, 3
and 4.

The statistical errors for the line fluxes of the detected
lines were relatively small:less than 5% for the threc de-
tections. However, the uncertainty discussed in the pre-
ceding paragraph dominates, and amounts to 30% for the
CIl line and a factor of 2 for the Olline.
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Table 1. NGC 5713 Spectroscopy Results Trom WS Obser -
: vations

Species Ao Line Flux . Continuum®
C(psm) (107 W/em?)  (LWS; Jy)  (IRAS; Jy)
forng 51.8 <5.6 3G 14
(NI 57.3 <1.0 37 17
[o1 3.2 3.1 43 20
[o111] 884 24 54 32
{Nil]] 121.9 <1.5 44 43
ci} 1577 8.3 19 39

*The observed 1S0 continuum flux density and the
predicted continuum flux density bawd on IRAS
measutcinents.

3. Physical Conditions

The detected line fluxes (Table 1) are within the range ob
served by the Kuiper Airborne Observatory in active star-
forming, galaxies (Figures 2- 4): The[O1}and [C 1] fluxes
in NGC 5718 arc scveral parts per thousand of the FIR
continuum, and the line-to-continuum ratios for the three
detected lines arc within a factor of three of the values
observed in M82 (Lord et al. 1996a). As detailed below
however,a closer look rc.veals significant differences be-
tween NGC 5713 and previously studied star-burst galax-
ies. In comparison to the KAO facility background-limited
instrument scnsitivitics (e.g. Kricksonet al. 1995), these
observations with the 1ISO TWS have reached about 5- 10
times lower flux levels, particularly between 51 and 88 .

Fig. 3. [C11] 158 yim vs. FIR continuum. Sce Fig. 2 caption.

Fig. 2. ISO/ILWSNGC 5713 results conpared with KAQ sam-
ple of IR-bright galaxies (Lord et a. 1996b) showing [01] 63
pmvs. FIR cord, nuum. The three data points shown for NGC
5713 correspond to the three cases discussed in §2, O for case
(1);® for case (2); and @ for case (3).

Wec interpret the [O1) and [C11]linesinthe context of
photodissociation region modecls (Wolfire, Ticlens, & Hol-
lenbach 1990, hereafter W1'] 1, and Ticlens & FHollenbach

Fig. 4. [01 1] 88 yam vs. FIR continuum. See also Fig. 2 cap
tion.

1985). In | GC 5713, the ([C1)+[01])/FIR ratio is high,
between 0.6 and 0.7%. This indicates a relatively highra-
tio of the atomicgas density, n, to UV illumination, Go,
where Go is the UV radiation field strength measured in
units of the local interstellar radiation field of the Milky
Way. For this FIR line to continuum ratio, n/Go =: 50.
The FIR line to continuumn ratio measured in the star-
burst galaxies shownin Figure 2 range from 0.2 to §.7%,
with a medianvalue of 0.56%, and a corresponding ratio
n/ Go=z15.The [Cul/[O1] ratio inNGC 5713 is between
3 and 5, which is distinctly higher than instarbursi sys-
tems, where this ratio is typically close to 1.0 {1.ord ¢t
a. 1996b). For NGC 5713, the atomic line ratio and the
line to continuuin ratio arc consistent with regions of high
atomic gas density, log(n) ~ 4.2 and low UV illumination,
log(Gg)~ 2.8.

Inthe domain of low Go, (log(Go) < 3.0), atoinic gas
temperatures canbe low, T< 200 K, and the upper {O1]
cnergy state (AE/K ~ 280 K) depopulates more rapidly
than the [C 11} upper energy state (AE/K~ 901{), yielding
high CII/Ol ratios. In regions with high atomic gas heat-
ing from photocjected electrons is eflicient because high
densities grains remain less positively charged.
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1t 15 also possible that within th e NGC 5713 disk, a dif
fuse gas component contributes ClT flux and that this is
in part respounsible for the high CI/Ol ratio seen: The Ol
transition has a high critical depsity, nee'~ 5 x 10% .cm™3,
above which collisional de-excitation becomes important,
and so negligible contribution is expected from diffuse gas
regions. Iven though the Cl1/01 ratio may be aflected,
most likely the CIH/PFIR ratio in diffusc regions is similar
to that in PDRs and so the (Cl14 O1')/FIR will be affected
less. Our 1S() program includes a series of [C 11] observa-
tions of diffuse gas regions inncarby galaxies which will
test this hypothesis.

W ¢ have modcled the jonized component of the ISM
in this galaxy using the H 11 region models of Rubin et al.
(1 991). By comparing ciissionlines of the samnc clement,
we can deteriine the electron density, ne, in thesce regions
and the cffective temperatu re, Tegr, of the lomzing stars,
and do so independently of any ele menital abundance as-
sumptions.

The upper limit on the {O 1] 88 yun/[O 1] 52 g flux
ratio of 0.43 constrains the typical Hit region clectron
density to ne< 10% e~ 3, which is within the expected
range for normal 11 11 regions.

The [N111]/[N11] ratio probes the maximum effective
stellar temperature in the H 1 regions. Taking the N 111
57 pm result as a tentative 3.4 o detection, then the up-
per limit [N 111)/{N11] < 0.67 gives Teq< 36,000" 1( (Ru-
bin c¢1 al 1991), corresponding to a 20 Mgy upper Limit
to the stellar mass distribution. We note this result is
consistent with the findings of Doherty et al. (1995) for
NG C 5713, who use their mecasured valuc of the 1el (2.058
s ) /Bry ratio o f 0.32 for this galaxy to constrain the typ-
ical T'orr. Depending on the primordial helinmm abundance
and H1l region electron temperature assumed, they find a
Te range between 35,000 and 37,5001{ for NGC 5713.

We coutrast our results with those found using the
1S0 LWS for the collisional galaxy systemt NGC 4038/39
(Fischer et al. 1996). Iischer et al. finda UV field with
log(Go) as highas 3.5, which is an order of magnitude
higher than what we findin NGC 5713, This ngher value
of Gy is typical for moderate star- bursts and is consistent
with other tracers of strong star formation activity scen
in NG C 4038/39.

4. Conclusions

1. The detected lines have flux values (withinuncertain-
ties) thatl arc consistent with their origin in photodis-
sociation regions ({C 11] 158 yun, [0 1] 63 gun)and ion-
ized regions ([0 111] 88 pun). The LWS detections reach
5- 10 times fainter fluxes than achieved onthe KAO.

2. The [C 11] emission is unexpectedly strong: about 0.6%
of the IR continuum.

3. Photodissociation regions in NGC 5713 tend toward
low UV illumination of the alomic gas, log(Go) ~ 2.8,
and high atomic gas density, log(n) ~ 4.2. For colil-

ISM parameter
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parison, typical starburst galaxics have log(Go) ~ 3.5
and the wner § pe of the Galactic Center cxhibits
log(tiog) = 4.9 (W]}l) v

4 The[O 1] 88 g flux and the [O 11i] 52 pamoupper limit .
indicate an H 11 region electron densily, n,< 103 cin™ ®,
indicative of normal 11 Hregions. Using the upper limit
of thejonized mtrogen line ratio, and taking the 57
jun as a possible 3.4 o detection, [N u]/[N 1] < 1.2
gives anupper limit Lo the maximum cflective stel-
lar temperaturc of stars in these regions, Ty, with
Tesr <36,000 K.
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